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Abstract
We consider the extension of the Standard Model with scalar leptoquarks as a portal
to dark matter (DM), motivated by the recent anomalies in semi-leptonic B-meson
decays. Taking singlet and triplet scalar leptoquarks as the best scenarios for ex-
plaining B-meson anomalies, we discuss the phenomenological constraints from rare
meson decays, muon (g− 2)µ, and leptoquark searches at the Large Hadron Collider
(LHC). Introducing leptoquark couplings to scalar dark matter, we find that the DM
annihilations into a pair of leptoquarks open a wide parameter space, being compat-
ible with XENON1T bound, and show that there is an interesting interplay between
LHC leptoquark searches and distinct signatures from cascade annihilations of dark
matter.
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1 Introduction
Recently, there have been intriguing anomalies in the semi-leptonic decays of B-mesons at
BaBar, Belle and LHCb experiments, which are based on the observables of testing Lepton
Flavor Universality(LFU), i.e. RK(∗) [1–3] and RD(∗) [4–6]. Thus, it is plausible that LFU
might be violated due to new physics in the neutral and charged currents associated with
muon and tau leptons, respectively. Currently, experimental values of RK(∗) and RD(∗) turn
out to be deviated from the SM expectations at about 4σ level per each. However, we still
need to understand the hadronic uncertainties in angular distributions of related B-meson
decays [7] and the results are to be confirmed at LHCb with more data and Belle II [8].
Nonetheless, it is important to study the consequences of new physics in direct searches at
the LHC and other precision and indirect observables.
Dark matter (DM) is known to occupy about 85% of the total matter density in the
Universe, and there are a variety of evidences for the existence of dark matter such as galaxy
rotation curves, gravitational lensing, large scale structure, etc. The Weakly Interacting
Massive Particles (WIMPs) paradigm has driven forces for searching particle dark matter
with non-gravitational interactions beyond the Standard Model (SM) for more than three
decades. Various direct detection experiments [9–12] have put stringent bounds on the
cross section of DM-nucleon elastic scattering, and forthcoming XENON-nT and large-
scale experiments such as DARWIN [13] and LZ [14] will push the limits further to the
neutrino floor where there are irreducible backgrounds due to neutrino coherent scattering.
In particular, Higgs-portal type models for dark matter have been strongly constrained,
apart from the resonance region or the heavy DM masses.
Leptoquark models [15, 16] have been revived recently because they can provide an
economic way of accommodating the aforementioned B-meson anomalies [17–23] and can
be tested at the LHC. Leptoquarks carry extra Yukawa-type couplings to the SM fermions,
providing a source for violating LFU. Furthermore, leptoquark scalars or vectors could be
originated from unified models of forces [24], in analogy to colored triplet Higgs scalars or
X, Y gauge bosons in the minimal SU(5) unification. The best scenarios for explaining the
B-meson anomalies [18,19] are: one SU(2)L-singlet scalar leptoquark S1 for RD(∗) , and one
SU(2)L-triplet scalar leptoquark S3 for RK(∗) , or one SU(2)L-singlet vector leptoquark for
both B-meson anomalies. Leptoquark scenarios are phenomenologically rich, because the
muon (g − 2)µ anomalies can be also explained by leptoquark couplings and various LHC
searches can be reinterpreted to bound the leptoquark models.
In this article, we consider a leptoquark-portal model for dark matter where scalar dark
matter communicates with the SM through the quartic couplings of scalar leptoquarks, S1
and S3. We show that sizable leptoquark couplings to dark matter lead to new annihila-
tion channels of dark matter into a pair of leptoquarks, opening a wide parameter space
where the correct relic density can be explained, being compatible with the direct detec-
tion bounds from XENON1T. Moreover, we also discuss that the cascade annihilations
of dark matter can lead to distinct signatures for cosmic ray observation, in correlation
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to leptoquark searches at the LHC. We argue that our models with scalar leptoquarks
are consistent with the current bounds from rare meson decays, mixings and lepton flavor
violation, whereas the loop corrections of leptoquarks to DM-nucleon couplings and Higgs
couplings can be negligible in most of the parameter space of our interest.
The paper is organized as follows. We first give a brief overview on the RK(∗) and RD(∗)
anomalies and the necessary corrections to the effective Hamiltonians. Then, in models
with scalar leptoquarks, we derive the effective interactions for the semi-leptonic B-meson
decays and discuss the conditions for B-meson anomalies and various constraints from
rare meson decays, mixings, muon (g − 2)µ and leptoquark searches at the LHC. Next we
describe leptoquark-portal models for dark matter and consider various constraints on the
models, coming from the relic density, direct and indirect detection of dark matter and
Higgs data. There are two appendices dealing with the details on effective Hamiltonians for
B-meson decays and effective interactions for dark matter and Higgs due to leptoquarks,
respectively. Finally, conclusions are drawn.
2 Overview on RK(∗) and RD(∗) anomalies
In this section, we give a brief overview on the status of the B-meson anomalies and the
interpretations in terms of the effective Hamiltonians in the SM.
The reported value of RK = B(B → Kµ+µ−)/B(B → Ke+e−) [1] is
RK = 0.745
+0.090
−0.074(stat)± 0.036(syst), 1 GeV2 < q2 < 6 GeV2, (1)
which deviates from the SM prediction by 2.6σ. On the other hand for vector B-mesons,
RK∗ = B(B → K∗µ+µ−)/B(B → K∗e+e−) [2] is
RK∗ = 0.66
+0.11
−0.07(stat)± 0.03(syst), 0.045 GeV2 < q2 < 1.1 GeV2,
RK∗ = 0.69
+0.11
−0.07(stat)± 0.05(syst), 1.1 GeV2 < q2 < 6.0 GeV2, (2)
which again differs from the SM prediction by 2.1–2.3σ and 2.4–2.5σ, depending on the
energy bins. The deviation in RK∗ is supported by the reduction in the angular distribution
of B → K∗µ+µ−, the so called P ′5 variable [3].
The effective Hamiltonian for b→ sµ+µ− is given by
∆Heff,b¯→s¯µ+µ− = −
4GF√
2
V ∗tsVtb
αem
4pi
(Cµ9Oµ9 + Cµ10Oµ10 + C ′µ9 O′µ9 + C ′µ10O′µ10) + h.c. (3)
where Oµ9 ≡ (s¯γµPLb)(µ¯γµµ), Oµ10 ≡ (s¯γµPLb)(µ¯γµγ5µ), O′µ9 ≡ (s¯γµPRb)(µ¯γµµ) and O′µ10 ≡
(s¯γµPRb)(µ¯γµγ
5µ), and αem is the electromagnetic coupling. In the SM, the Wilson coeffi-
cients are given by Cµ,SM9 (mb) = −Cµ,SM10 (mb) = 4.27 and C ′µ,SM9 (mb) ≈ −C ′µ,SM10 (mb) ≈ 0.
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For Cµ,NP10 = C
′µ,NP
9 = C
′µ,NP
10 = 0, the best-fit value for new physics contribution is given
by Cµ,NP9 = −1.11 [25], (while taking [−1.28,−0.94] and [−1.45,−0.75] within 1σ and 2σ
errors), to explain the RK(∗) anomalies. On the other hand, for C
µ,NP
9 = −Cµ,NP10 and others
being zero, the best-fit value for new physics contribution is given by Cµ,NP9 = −0.62 [25],
(while taking [−0.75,−0.49] and [−0.88,−0.37] within 1σ and 2σ errors).
Taking the results of BaBar [4], Belle [5] and LHCb [6] for RD = B(B → Dτν)/B(B →
Dlν) and RD∗ = B(B → D∗τν)/B(B → D∗lν) with l = e, µ for BaBar and Belle and
l = µ for LHCb, the Heavy Flavor Averaging Group [26] reported the experimental world
averages as follows,
RexpD = 0.403± 0.040± 0.024, (4)
RexpD∗ = 0.310± 0.015± 0.008. (5)
On the other hand, taking into account the lattice calculation of RD, which is RD =
0.299± 0.011 [27], and the uncertainties in RD∗ in various groups [28,29], we take the SM
predictions for these ratios as follows,
RSMD = 0.299± 0.011, (6)
RSMD∗ = 0.260± 0.010. (7)
Then, the combined derivation between the measurements and the SM predictions for RD
and RD∗ is about 4.1σ. We quote the best fit values for RD and RD∗ including the new
physics contributions [30],
RD
RSMD
=
RD∗
RSMD∗
= 1.21± 0.06. (8)
The effective Hamiltonian for b→ cτν in the SM is given by
Heff = 4GF√
2
VcbCcb (c¯γ
µPLb)(τ¯ γµPLντ ) + h.c. (9)
where Ccb = 1 in the SM with Vcb ≈ 0.04. The new physics contribution may contain the
dimension-6 four-fermion vector operators, OVR,L = (c¯γµPR,Lb)(τ¯ γµPLντ ) and/or scalar
operators, OSR,L = (c¯PR,Lb)(τ¯PLντ ). Then, in order to explain the RD(∗) anomalies in
eq. (8), the Wilson coefficient for the new physics contribution should be ∆Ccb = 0.1 from
eq. (9), while taking [0.072, 0.127] and [0.044, 0.153] within 1σ and 2σ errors.
3 Leptoquarks for B-meson anomalies
It is known that SU(2)L singlet and triplet scalar leptoquarks can explain RD(∗) and RK(∗)
anomalies, respectively [18, 19]. (See also Ref. [17, 20, 21, 23].) Thus, in this section,
focusing on those scalar leptoquark models, we discuss the phenomenological constraints
coming from the B-meson anomalies.
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3.1 Effective interactions from scalar leptoquarks
We consider the Lagrangian for an SU(2)L singlet scalar leptoquark S1 with Y = +
1
3
, and
an SU(2)L triplet scalar leptoquark, S3 ≡ Φab with Y = +13 , as follows,
LLQ = LS1 + LS3 (10)
LS1 = −λijQaLi(iσ2)ab S1LbLj + h.c.
= −λij(QC)aRi (iσ2)ab S1 LbLj + h.c. (11)
where a, b are SU(2)L indices, σ
2 is the second Pauli matrix and ψC = Cψ¯T is the charge
conjugate with C = iγ0γ2, and
LS3 = −κijQaLiΦabLbLj + h.c.
= −κij(QC)aRi Φab LbLj + h.c. (12)
with
Φab =
( √
2φ3 −φ2
−φ2 −
√
2φ1
)
(13)
where (φ1, φ2, φ3) forms an isospin triplet with T3 = +1, 0,−1 and Q = +43 ,+13 ,−23 .
We note that our conventions are comparable to those in the literature by writing Φ =
(iσ2)(~σ · ~S) where ~σ are Pauli matrices and ~S are complex scalar fields.
Then, after integrating out the leptoquark scalars, we obtain the effective Lagrangian
for the SM fermions in the following,
Leff =
(
1
4m2S1
λijλ
∗
kl +
3
4m2S3
κijκ
∗
kl
)(
Q¯Lkγ
µQLi
)(
L¯LlγµLLj
)
+
(
− 1
4m2S1
λijλ
∗
kl +
1
4m2S3
κijκ
∗
kl
)(
Q¯Lkγ
µσIQLi
)(
L¯Llγµσ
ILLj
)
(14)
where σI(I = 1, 2, 3) are the Pauli matrices. There, we find that there are both SU(2)L
singlet and triplet V−A operators. As compared to the case with U(2) flavor symmetry [19],
the effective interactions for either singlet or triplet leptoquark can be written as
Leff = − 1
v2
λqkiλ
l
lj
[
CS
(
Q¯Lkγ
µQLi
)(
L¯LlγµLLj
)
+ CT
(
Q¯Lkγ
µσIQLi
)(
L¯Llγµσ
ILLj
)]
.(15)
So, we obtain CS = −CT for the singlet leptoquark and CS = 3CT for the triplet leptoquark.
A fit to low-energy data including the RK(∗) and RD(∗) anomalies has been done with four
free parameters, CT , CS, λ
q
sb and λ
l
µµ, under the assumption that the CKM matrix stems
solely from the mixing between up-type quarks [19]. As a result, the best-fit values are
given by CS ≈ CT ≈ 0.02 for |λqsb| < 5|Vcb| [19].
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Figure 1: Parameter space for the leptoquark mass mLQ and the effective coupling λeff ,
explaining the B-meson anomalies, in green(yellow) region at 2σ(1σ) level. We have taken
mLQ = mS1 and λeff =
√|λ∗33λ23| for RD(∗) on left plot, and mLQ = mS3 and λeff =√|κ∗32κ22| for RK(∗) on right plot.
3.2 Singlet scalar leptoquark
After integrating out the leptoquark S1, from the results in eq. (A.2), we obtain the effective
Hamiltonian relevant for b→ cτ ν¯τ as
HS1b→cτ ν¯τ = −
λ∗33λ23
2m2S1
(b¯Lγ
µcL)(ν¯τLγµτL) + h.c. ≡ 1
Λ2D
(b¯Lγ
µcL)(ν¯τLγµτL) + h.c.. (16)
As a consequence, the singlet leptoquark gives rise to the effective operator for explaining
the RD(∗) anomalies and and the effective cutoff scale is to be ΛD ∼ 3.5 TeV [31]. Thus,
for mS1 & 1 TeV, we need
√
λ∗33λ23 & 0.4.
In the left plot of Fig. 1, we depict the parameter space for mS1 and the effective
leptoquark coupling, λeff =
√|λ∗33λ23|, in which the RD(∗) anomalies can be explained
within 2σ(1σ) errors in green(yellow) region from the conditions below eq. (9).
From the couplings of the singlet scalar leptoquark necessary for RD(∗) anomalies,
LS1 ⊃ −λ33
(
(tC)R S1τL − (bC)R S1ντL
)
+ h.c.
−λ23
(
(cC)R S1τL − (sC)R S1ντL
)
+ h.c., (17)
the decay modes of the singlet scalar leptoquark are given by S1 → t¯τ¯ , c¯τ¯ and S1 → b¯ντ , s¯ντ ,
which are summarized together with the corresponding LHC bounds on leptoquark masses
in Table 1.
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LQs BRs mLQ,min BRs mLQ,min
S1 B(t¯τ¯ /bντ ) =
1
2β 1.22 TeV(bντ ) [32] B(c¯τ¯ /sντ ) =
1
2(1− β) 950 GeV(ντ j) [33]
S3(φ1) B(b¯µ¯) = γ 1.4 TeV [34] B(s¯µ¯) = 1− γ 1.08 TeV (µ¯j) [35]
S3(φ2) B(t¯µ¯/b¯ν¯µ) =
1
2γ 1.45 TeV (t¯µ¯) [36] B(c¯µ¯/s¯ν¯µ) =
1
2(1− γ) 850 GeV (µ¯ν¯µjj) [37]
S3(φ3) B(t¯ν¯µ) = γ 1.12 TeV [38] B(c¯ν¯µ) = 1− γ 950 GeV (ν¯µj) [33]
Table 1: Decay branching ratios of leptoquarks, and LHC bounds on leptoquark masses.
Here, β ≡ λ233/(λ233 +λ223) and γ ≡ κ232/(κ232 +κ222). Most LHC bounds are given for B = 1,
except in Ref. [37] where B(c¯µ¯) = B(s¯ν¯µ) = 0.5 was taken.
3.3 Triplet scalar leptoquark
After integrating out the leptoquark φ1 with Q = +
4
3
, from the results in eq. (A.8), we
also obtain the effective Hamiltonian relevant for b→ sµ+µ− as
HS3b→sµ+µ− = −
κ∗32κ22
m2φ1
(b¯Lγ
µsL)(µ¯LγµµL) + h.c. ≡ 1
Λ2K
(b¯Lγ
µsL)(µ¯LγµµL) + h.c.. (18)
As a consequence, the triplet leptoquark gives rise to the effective operator of the (V −A)
form for the quark current, that is, Cµ,NP9 = −Cµ,NP10 6= 0, as favored by the RK(∗) anomalies,
and the effective cutoff scale is to be ΛK ∼ 30 TeV [31]. The result is in contrast to the
case for Z ′ models with family-dependent charges such as Q′ = x(B3 − L3) + y(Lµ − Lτ )
with x, y being arbitrary parameters where Cµ,NP9 6= 0 and Cµ,NP10 = 0 [39]. Then, for
mφ1 & 1 TeV, we need
√
κ∗32κ22 & 0.03. Therefore, we can combine scalar leptoquarks, S1
and S3, to explain RD(∗) and RK(∗) anomalies, respectively.
In the right plot of Fig. 1, we depict the parameter space for mS3 and the effective
leptoquark coupling, λeff =
√|κ∗32κ22|, in which the RK(∗) anomalies can be explained
within 2σ(1σ) errors in green(yellow) region from the conditions below eq. (3).
Likewise as for the singlet scalar leptoquark, from the triplet leptoquark couplings
necessary for RK(∗) anomalies,
LS3 ⊃ −κ32
(√
2 (tC)R φ3νµL − (tC)R φ2µL − (bC)R φ2νµL −
√
2 (bC)R φ1µL
)
+ h.c.
−κ22
(√
2 (cC)R φ3νµL − (cC)R φ2µL − (sC)R φ2νµL −
√
2 (sC)R φ1µL
)
+ h.c.,(19)
the decay modes of the singlet scalar leptoquark are given by φ1 → b¯µ¯, s¯µ¯, φ2 → t¯µ¯, c¯µ¯, b¯ν¯µ, s¯ν¯µ,
and φ3 → t¯ν¯µ, c¯ν¯µ. As will be discussed in the next section, the bounds from B → Kνν¯
could require κ33 and κ23 to be sizable. In this case, the decay modes containing τ¯ or ν¯τ are
relevant too. The decay branching ratios of the triplet leptoquark and the corresponding
LHC bounds on the mass of triplet scalar leptoquark are also summarized in Table 1.
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4 Constraints on leptoquarks
We discuss the constraints on scalar leptoquark models, due to other rare meson decays,
muon (g−2)µ, lepton flavor violation as well as the LHC searches. The constraints discussed
in this section can give rise to important implications for the indirect signatures of DM
annihilation into a leptoquark pair in the later discussion.
4.1 Rare meson decays and mixing
In leptoquark models explaining the B-meson anomalies, there is no B − B¯ mixing at tree
level, but instead it appears at one-loop level. Therefore, the resulting new contribution
to the Bs − B¯s mixing is about 1% level [17], which can be ignored.
Both singlet and triplet leptoquarks contribute to B → K(∗)νν¯ at tree level, so their
couplings are severely constrained in this case [17, 19]. The effective Hamiltonian relevant
for b¯→ s¯νν¯ [40] is
Hb¯→s¯νν¯ = −
√
2αemGF
pi
VtbV
∗
ts
∑
l
C lL(b¯γ
µPLs)(ν¯lγµPLνl) (20)
where C lL = C
SM
L + C
l,NP
ν . Here, the SM contribution C
SM
L is given by C
SM
L = −Xt/s2W
where sW ≡ sin θW and Xt = 1.469 ± 0.017. From the result in eq. (A.9), the scalar
leptoquarks leads to additional contributions to the effective Hamiltonian for B → Kνν¯
as
C l,NPν = −
(
λ∗3iλ2j
2m2S1
+
κ∗3iκ2j
2m2φ2
)
pi√
2αemGFVtbV ∗ts
. (21)
Therefore, the ratio of the branching ratios are given by
RK(∗)ν ≡
B(B → K(∗)νν¯)
B(B → K(∗)νν¯)
∣∣∣
SM
=
2
3
+
1
3
|CSML + C l,NPν |2
|CSML |2
. (22)
Comparing the experimental bounds on B(B → K(∗)νν¯) [41] given by
B(B → Kνν¯) < 1.6× 10−5, B(B → K∗νν¯) < 2.7× 10−5, (23)
to the SM values [42] given by
B(B → Kνν¯)
∣∣∣
SM
= (3.98± 0.43± 0.19)× 10−6,
B(B → K∗νν¯)
∣∣∣
SM
= (9.19± 0.86± 0.50)× 10−6, (24)
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and ignoring the imaginary part of C l,NPν , we get the RK∗ν bound as
−10.1 < Re(C l,NPν ) < 22.8. (25)
Taking into account κ32 and κ22, which are necessary for B → K(∗)µ+µ−, the triplet
scalar leptoquark contributes only to B → K(∗)νµν¯µ. In this case, as the triplet leptoquark
contribution to Cµ,NPν is about the same as C
µ,NP
9 = −0.61, it satisfies the RK∗ν bound on
its own easily.
On the other hand, the singlet leptoquark with nonzero λ33 and λ23, which are necessary
for B → D(∗)τ ν¯τ , contribute significantly to B → K(∗)ντ ν¯τ . Therefore, we need to cancel
the singlet scalar leptoquark contributions to B → K(∗)ντ ν¯τ , by imposing that
λ∗33λ23
2m2S1
+
κ∗33κ23
2m2φ2
≈ 0. (26)
Ignoring the mass splitting generated within the triplet scalar leptoquark due to poten-
tial higher dimensional operators after electroweak symmetry breaking, we get mφ1 =
mφ2 = mφ3 ≡ mS3 . Then, in order to cancel the contributions to B → K(∗)ντ ν¯τ or
B → K(∗)νµ,τ ν¯τ,µ, the necessary conditions for the additional couplings are
|κ∗33κ23| ≈ |λ∗33λ23|
(m2S3
m2S1
)
, (27)
|λ∗32λ23| ≈ |κ∗32κ23|
(m2S1
m2S3
)
. (28)
Therefore, for mS3 ∼ mS1 , the additional couplings for the triplet leptoquark, κ23 and κ33,
must satisfy
√|κ∗33κ23| ≈ √|λ∗33λ23| & 0.4, because √λ∗33λ23 & 0.4 to explain the RD(∗)
anomalies. On the other hand, for mS3 ∼ mS1 , the additional coupling for the singlet
leptoquark, λ32 must satisfy
√|λ∗32λ23| ≈ √|κ∗32κ23|, up to the conditions, √λ∗33λ23 & 0.4
and
√|κ∗32κ22| & 0.03, for explaining RD(∗) and RK(∗) anomalies, respectively. Then, it is
easy to get a sizable λ32 coupling in order to explain the deviation in (g − 2)µ as will be
discussed later.
In summary, taking account of bounds from B → K(∗)νν¯, the necessary flavor structure
for leptoquark couplings is given by the following,
λ =
 0 0 00 0 λ23
0 λ32 λ33
 , κ =
 0 0 00 κ22 κ23
0 κ32 κ33
 . (29)
If the extra couplings for B → K(∗)νν¯ are sizable, namely, λ32 ∼ λ23, λ33 for the singlet
leptoquark, and κ23, κ33 & κ22, κ32 for the triplet leptoquark, the decay branching ratios of
leptoquarks are changed, so that the LHC searches for leptoquarks as well as the indirect
searches for leptoquark portal dark matter will be affected. In particular, we will discuss
8
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Figure 2: Parameter space for mLQ = mS1 and λ
′
32 allowed by (g − 2)µ, in green(yellow)
region, at 2σ(1σ) level. The gray region is excluded by the bound on BR(τ → µγ). We
have fixed λ32 = λ33 = 1(0.1) on left(right) plot and λ
′
33 = 0 in both plots.
the impact of extra couplings on the signatures of DM annihilations into a leptoquark pair
in detail in the later section.
For the later discussion on (g − 2)µ in the next subsection, we illustrate some sets
of consistent leptoquark couplings for mS3 ∼ mS1 & 1 TeV. For λ32 = λ33 = 1 and
κ23 = 0.1, we find that λ23 & 0.16, κ32 ∼ κ33 & 1.6 and κ22 & 5.6 × 10−4. In this case,
we need a hierarchy of couplings, λ32 = λ33  λ23 and κ32 ∼ κ33  κ23  κ22. Instead,
choosing λ32 = λ33 = 0.1 and κ23 = 1, we obtain that λ23 & 1.6, κ32 ∼ 0.16, κ33 & 0.16
and κ22 & 5.6 × 10−3. Then, we need a hierarchy of couplings, λ23  λ32 = λ33 and
κ23  κ32 ∼ κ33  κ22.
4.2 (g − 2)µ
For the singlet scalar leptoquark, the relevant Yukawa couplings for (g − 2)µ with an
additional Yukawa coupling, are given as follows,
LS1 ⊃ −λij(QC)aRi(iσ2)abS1LbjL − λ′ij(uC)LiS1ejR + h.c. (30)
Then, the chirality-enhanced effect from the top quark contributes most [17], as follows,
aS1µ =
mµ
4pi2
Re[C22R ] (31)
with
CijR ≡ −
Nc
12m2S1
mtλ3iλ
′∗
3j
(
7 + 4 log
( m2t
m2S1
))
. (32)
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The deviation of the anomalous magnetic moment of muon between experiment and SM
values is given [44,45] by
∆aµ = a
exp − aSM = 288(80)× 10−11, (33)
which is a 3.6σ discrepancy from the SM [45]. We note that as discussed in eq. (28), the
extra couplings for the triplet leptoquark, κ23 and κ33, allow for a sizable λ32, leading to a
large deviation in (g − 2)µ without a conflict to the bound from B(B → K(∗)νν¯).
On the other hand, the additional coupling also contributes to the branching ratio of
τ → µγ as follows,
BR(τ → µγ) = αm
3
τ
256pi4
ττ
(
|C23R |2 + |C23L |2
)
(34)
where CijL = C
ij
R (λ3i → λ′3i, λ′3j → λ3j) and the lifetime of tau is given by ττ = (290.3 ±
0.5)× 10−15 s [45]. The current experimental bound is given [46] by
BR(τ → µγ) < 4.4× 10−8. (35)
In Fig. 2, we show the parameter space for the singlet scalar leptoquark mass mLQ
and the extra leptoquark coupling λ′32, where the (g − 2)µ anomaly can be explained,
in green(yellow) region at 2σ(1σ) level. The gray region is excluded by the bound on
B(τ → µγ). We have taken λ32 = λ33 = 1(0.1) on left(right) plot and λ′33 = 0. Therefore,
for mLQ . 10− 50 TeV under perturbativity and leptoquark couplings less than unity, the
(g − 2)µ anomaly can be explained in our model, being compatible with B(τ → µγ).
4.3 Leptoquark searches
There are two main production channels for leptoquarks at the LHC, one is pair production
via gluon fusion and the other is single production via gluon-quark fusion [16,43].
In the case of RK(∗) anomalies, the triplet scalar leptoquark (φ1) couples to b/s, µ. The
other components of the triplet leptoquark couple to b/s, νµ and t/c, µ for φ2 and t/c, νµ
for φ3. On the other hand, in the case of RD(∗) anomalies, the singlet scalar leptoquark
(S1) couples to b/s, ντ and t/c, τ . When the leptoquark pair production via gluon fusion is
dominant, the current limits on leptoquark masses listed in Table 1 apply. The current LHC
bounds on leptoquarks depend on decay modes, but the leptoquark masses are constrained
to be greater than about 1 TeV in most cases.
When the Yukawa couplings, φ1-b/s-µ, S1-b-ντ and S1-c-τ couplings, present in models
explaining the B-anomalies, are sizable, the leptoquarks can be singly produced by b/s/c
quark fusions with gluons. For instance, in the case of φ1, the relevant production/decay
channels are pp→ φ∗1φ1 = bb¯(ss¯)µ+µ− and pp→ φ1µ+ → b(s)µ+µ− [16].
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Figure 3: Feynman diagrams for annihilations of scalar dark matter at tree level.
5 Leptoquarks and scalar dark matter
We introduce a scalar dark matter that have direct interactions to scalar leptoquarks and
the SM Higgs doublet H by quartic couplings. Thus, this is the minimal dark matter model
without a need of extra mediator particle. In this section, we regard scalar leptoquarks as
portals to scalar dark matter and discuss the impacts of leptoquarks on direct and indirect
detection of dark matter as well as Higgs data.
We can also consider leptoquark-portal models for fermion or vector dark matter too.
But, in this case, there is a need of mediator particles [47] and/or non-renormalizable
interactions [48], leading to more parameters in the model, so this case is postponed to a
future publication for comparison [49].
5.1 Annihilation cross sections for scalar dark matter
We consider a scalar leptoquark SLQ = S1,3 and a singlet real scalar dark matter S. Then,
the most general renormalizable Lagrangian consistent with S → −S is
LS = |DµSLQ|2 −m2LQ|SLQ|2 +
1
2
(∂µS)
2 − 1
2
m2SS
2
−1
4
λ1S
4 − λ2|SLQ|4 − 1
2
λ3S
2|SLQ|2 − 1
2
λ4S
2|H|2 − λ5|H|2|SLQ|2. (36)
The above Lagrangian generalizes the Higgs portal interactions to those for leptoquarks.
After electroweak symmetry breaking with H = (0, v + h)T/
√
2, the new interactions
relevant for SS → SLQS∗LQ, hh are
LS,int = −1
2
λ3S
2|SLQ|2 − 1
4
λ4S
2(2vh+ h2)− 1
2
λ5|SLQ|2(2vh+ h2). (37)
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Scalar dark matter S annihilates through three channels at tree level, SS → ff¯ with
f being the SM fermions, SS → hh, with h being the SM Higgs boson, SS → V V with
V being electroweak gauge bosons, and SS → SLQS∗LQ for mLQ < mS. Depending on the
quartic couplings, a heavy scalar dark matter may annihilate into a pair of leptoquarks
dominantly, leaving the signatures in both anti-proton and positron from cosmic rays, due
to the decay products of leptoquarks, as will be discussed later.
For mLQ > mS, SS → SLQS∗LQ channels are kinematically closed, so instead leptoquark
loops make corrections to SS → V V with V being electroweak gauge bosons and contribute
to new annihilations such as SS → gg, Zγ, γγ. In this case, depending on the relative
contributions of SS → ff¯ , hh, V V channels, the loop-induced annihilation channels can
be relevant.
We obtain the effective interactions between scalar dark matter and the SM gauge
bosons due to leptoquarks with mLQ > mS, as follows,
LS,eff = D3 S2GµνGµν +D2 S2WµνW µν +D1 S2 FY µνF Y µν (38)
The details on the above effective interactions are given in Appendix B. Then, in the basis
of mass eigenstates, the above effective interactions become
LS,eff = Dgg S2GµνGµν +DWW S2W+µνW−µν +DZZ S2 ZµνZµν
+DZγ S
2 ZµνF
µν +Dγγ S
2 FµνF
µν (39)
where
Dgg = D3, (40)
DWW = 2D2, (41)
DZZ = D1 sin
2 θW +D2 cos
2 θW , (42)
DZγ = (D2 −D1) sin(2θW ), (43)
Dγγ = D1 cos
2 θW +D2 sin
2 θW . (44)
First, the tree-level annihilation cross sections are
(σvrel)SS→SLQS∗LQ =
NcNLQ
32pim2S
√
1− m
2
LQ
m2S
(
λ3 +
λ4λ5v
2
4m2S −m2h
)2
, (45)
(σvrel)SS→hh =
λ24
64pim2S
√
1− m
2
h
m2S
(
1 +
3m2h
4m2S −m2h
− 2λ4v
2
2m2S −m2h
)2
, (46)
(σvrel)SS→ff¯ =
Ncλ
2
4
4pi
m2f
(4m2S −m2h)2
(
1− m
2
f
m2S
)3/2
, (47)
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with f being all the SM fermions satisfying mf < mS. Here, we note that Nc = 3 is the
number of colors and NLQ = 1, 3 for SLQ = S1, S3, respectively.
On the other hand, for mLQ > mS, instead of SS → SLQS∗LQ, we need to consider the
loop-induced annihilation cross sections [50,51] for SS → gg, γγ, Zγ, as follows,
(σvrel)SS→gg =
64D2ggm
2
S
pi
, (48)
(σvrel)SS→γγ =
8D2γγm
2
S
pi
, (49)
(σvrel)SS→Zγ =
4D2Zγm
2
S
pi
(
1− m
2
Z
4m2S
)3
. (50)
Adding loop corrections of leptoquarks to tree-level contributions coming from the Higgs
portal coupling λ4, we also obtain the annihilation cross sections for SS → WW,ZZ,
respectively,
(σvrel)SS→WW =
[
λ24m
2
S
2pi(m2h − 4m2S)2
(
1− m
2
W
m2S
+
3m4W
4m4S
)
+
4|DWW |2m2S
pi
(
1− m
2
W
m2S
+
3m4W
8m4S
)
+
3λ4Re[DWW ]m
2
W
2pi(m2h − 4m2S)
(
2− m
2
W
m2S
)]√
1− m
2
W
m2S
, (51)
(σvrel)SS→ZZ =
[
λ24m
2
S
4pi(m2h − 4m2S)2
(
1− m
2
Z
m2S
+
3m4Z
4m4S
)
+
8|DZZ |2m2S
pi
(
1− m
2
Z
m2S
+
3m4Z
8m4S
)
+
3λ4Re[DZZ ]m
2
Z
2pi(m2h − 4m2S)
(
2− m
2
Z
m2S
)]√
1− m
2
Z
m2S
. (52)
In Figs. 4 and 5, we show the branching ratios of annihilation cross sections of dark
matter, BR(SS → ij), as a function of λ4 in the upper panel and mS in the lower panel,
for singlet and triplet scalar leptoquarks, respectively.
For light dark matter with mS < mLQ, we find that the tree-level annihilation processes
such as WW,hh, f f¯ , ZZ are dominant and the loop-induced processes due to leptoquarks
are suppressed, except the gg channel, which can be as large as 1 − 10% of the total
annihilation cross section, depending on whether the scalar leptoquark is singlet or triplet.
In the case of triplet scalar leptoquark, the Zγ, γγ channels can be as large as 1% or
0.1% of the total annihilation cross section, so they could be probed by Fermi-LAT [53]
or HESS [54] line searches. On the other hand, for heavy dark matter with mS > mLQ,
the SLQS
∗
LQ channel becomes dominant while the other tree-level processes are negligible
as far as |λ3| & |λ4|.
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Figure 4: Branching ratios of annihilation cross sections for dark matter as a function of
λ4 (upper panel) or mS (lower panel), in models with singlet scalar leptoquark. Branching
ratios for WW (orange), ZZ (purple), gg (green), hh (black), ff¯ (blue), and SLQS
∗
LQ (red)
channels are shown.
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Figure 5: The same as in Fig. 4, but in models with triplet scalar leptoquark.
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Figure 6: Dark matter relic density as a function of mS in red solid (dashed) lines for
triplet (singlet) scalar leptoquarks. DM-nucleon scattering cross section and XENON1T
bound are shown in blue line and purple dot-dashed line, respectively. λ3 = 0.01, 0.1, 1 are
taken from the top left plot clockwise, and λ4 = 0.1, λ5 = 1 and mLQ = 1 TeV are taken
for all plots.
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5.2 Direct detection bounds
For scalar dark matter, the effective DM-quark interaction is induced due to the SM Higgs
exchange at tree level, as follows,
Leff,Sqq¯ = λ4mq
m2h
S2q¯q. (53)
Moreover, taking a small momentum transfer for the DM-nucleon scattering in eq. (B.2),
the effective interactions between scalar dark matter and gluons, generated by loop correc-
tions with leptoquarks, become
Leff,Sgg = αSλ4
96pim2LQ
l3(SLQ)S
2GµνG
µν (54)
where l3(SLQ) is the Dynkin index of a leptoquark SLQ under SU(3)C . Then, the spin-
independent cross section for DM-nucleon elastic scattering is given by
σS−N =
µ2N
pim2SA
2
(
Zfp + (A− Z)fn
)2
(55)
where Z,A − Z are the numbers of protons and neutrons in the detector nucleus, µN =
mNmS/(mN +mS) is the reduced mass of DM-nucleon system, and
fp,n =
λ4mp,n
m2h
( ∑
q=u,d,s
fp,nTq +
2
9
fp,nTG
)
− λ3mp,n
108m2LQ
l3(SLQ) f
p,n
TG (56)
with fp,nTG = 1 −
∑
q=u,d,s f
p,n
Tq . Here, the mass fractions are f
p
Tu
= 0.023, fpTd = 0.032 and
fpTs = 0.020 for a proton and f
n
Tu
= 0.017, fnTd = 0.041 and f
n
Ts
= 0.020 for a neutron [52].
Therefore, the quartic coupling λ4 between scalar dark matter and SM Higgs is strongly
constrained by direct detection experiments such as XENON1T [9]. Consequently, tree-
level annihilations of scalar dark matter into hh, f f¯ ,WW,ZZ are constrained, while the
leptoquark-induced annihilations at tree or loop levels can be relevant.
In Fig. 6, we show the DM relic density as a function of DM mass in red solid(dashed)
lines for triplet(singlet) scalar leptoquarks. We also show the DM-nucleon scattering cross
section in blue lines as can be read from the right vertical axis, and the XENON1T bound
in purple dot-dashed lines. We find that the extra annihilation of dark matter into a pair
of leptoquarks opens a new parameter space at mS > mLQ due to a sizable leptoquark
portal coupling, λ3, avoiding the direct detection bound from XENON1T.
5.3 Indirect detection bounds
For relatively light scalar dark matter with mS < mLQ, the DM annihilation cross sections
into hh,WW,ZZ, tt¯, bb¯ are dominant. In this case, Fermi-LAT dwarf galaxies [55] and
HESS gamma-rays [56] and AMS-02 antiprotons [57] can constrain the model.
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Figure 7: Relic density for scalar dark matter and various bounds in the parameter space,
λ4 vs mS. The correct relic density can be obtained along the black and red solid lines,
for models with singlet and triplet scalar leptoquarks, respectively. XENON1T bounds
are shown in blue dashed lines. Indirect detection constraints from gamma-ray searches
in Fermi-LAT (gray dotted) and HESS (brown dashed), and antiproton search in AMS-02
(pink dot-dashed) are overlaid. The bound from Higgs invisible decay is shown in purple
dot-dashed line and the green regions are excluded by visible decays such as the Higgs
diphoton signal strength.
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In Fig. 7, we depict the parameter space in λ4 vs mS in black and red solid lines,
satisfying the correct relic density for models with singlet and triplet scalar leptoquarks,
respectively. In the same plots, we superimpose the indirect detection bounds on the DM
annihilations into a WW pair from Fermi-LAT and HESS gamma-ray and AMS-02 anti-
proton searches, and include the direct detection bounds from XENON1T. Moreover, the
region with mS < mh/2 can be also constrained by Higgs data such as Higgs invisible decay
and the signal strength for gg → h→ γγ, as will be discussed in the next subsection.
As a result, the Higgs data as well as indirect detection constrains the region with light
and weak-scale dark matter, but the XENON1T experiment constrains most, ruling out
most of the DM masses below mS = 1 TeV, except the resonance region near mS = mh/2.
However, we find that the correct relic density can be obtained for a small value of λ4
due to the contribution of DM annihilation channels into a leptoquark pair with a sizable
leptoquark-portal coupling λ3 for mS > mLQ. Therefore, there is a wide parameter space
above mS = 1 TeV that is consistent with the XENON1T bound.
We remark the indirect signatures of dark matter and the leptoquark decays in the case
of heavy scalar dark matter. For mS > mLQ, dark matter can annihilate into a pair of
leptoquarks, each of which decays into a pair of quark and lepton in cascade. In the case
with leptoquark couplings to explain the B-meson anomalies, the branching ratios of final
products of DM annihilations are shown in Table 2, depending on the decay branching
ratios of leptoquarks. In the case where the extra leptoquark couplings, λ32, κ23 and
κ33, introduced for accommodating B → K(∗)ν¯ν bounds and/or the (g − 2)µ excess, are
dominant, as discussed in Section 4.1, we also show the corresponding branching ratios of
final products of DM annihilations in Table 3.
LQs BRs BRs BRs
S1S
∗
1 B(|t¯τ¯ + bντ |2) B(|c¯τ¯ + sντ |2) B((t¯τ¯ + bντ )∗(c¯τ¯ + sντ ) + h.c.)
= β2 = (1− β)2 = 2β(1− β)
φ1φ
∗
1 B(b¯bµ¯µ) B(s¯sµ¯µ) B(b¯sµ¯µ+ h.c.)
= γ2 = (1− γ)2 = 2γ(1− γ)
φ2φ
∗
2 B(|t¯µ¯+ bνµ|2) B(|c¯µ¯+ sνµ|2) B((t¯µ¯+ bνµ)∗(c¯µ¯+ sνµ) + h.c.)
= γ2 = (1− γ)2 = 2γ(1− γ)
φ3φ
∗
3 B(t¯tν¯µνµ) B(c¯cν¯µνµ) B(t¯cν¯µνµ + h.c.)
= γ2 = (1− γ)2 = 2γ(1− γ)
Table 2: Branching ratios of products of DM annihilations into leptoquarks. Here, β ≡
λ233/(λ
2
33 + λ
2
23) and γ ≡ κ232/(κ232 + κ222).
In particular, for mS & mLQ, a leptoquark pair is produced with almost zero velocities,
so each leptoquark decays into a pair of quark and lepton such as q¯ l¯ or q′ l′, back-to-back.
In this case, a pair of two quarks (q′q¯) or a pair of leptons (l′l¯) carry about the energy of DM
mass, so we take them as if they are produced from the direct annihilations of dark matter
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Figure 8: Relic density for scalar dark matter and various bounds in the parameter space,
λ4 vs mS. The correct relic density can be obtained along the black and red solid lines,
for models with singlet and triplet scalar leptoquarks, respectively. XENON1T bounds
are shown in blue dashed lines. Fermi-LAT gamma-ray constraints on bb¯ and τ τ¯ coming
from cascade annihilations are also shown in purple dashed (gray dotted) and green dashed
(orange dotted) lines for singlet (triplet) leptoquarks.
with mass mS/2 and impose the indirect detection bounds on the annihilation cross section.
But, if mS  mLQ, leptoquarks produced from the DM annihilations are boosted so the
full energy spectra for quarks or leptons carry the energy spectra of wide box rather than a
monochromatic energy. In this case, we need to take more care before imposing the indirect
detection bounds. Henceforth, ignoring the boost effects of leptoquarks, in particular, for
mS & mLQ, we discuss the indirect detection bounds for the direct annihilations of dark
matter to cascade annihilations.
First, we consider the case in Table 2 with leptoquark couplings necessary to explain
the B-meson anomalies. In this case, for a singlet leptoquark with λ33  λ23 or β ≈ 1,
we get the branching ratios of products of DM annihilations into leptoquarks as B(t¯t τ¯ τ) :
B(b¯b ν¯τντ ) : B(t¯b τ¯ ντ+h.c.) =
1
2
: 1
2
: 1. Then, we can impose the Fermi-LAT diffuse gamma-
ray constraints from b¯b and τ¯ τ [55] on 1
4
〈σv〉SS→SLQS∗LQ . Similarly, for a triplet leptoquark
with κ32  κ22 or γ ≈ 1, we get B(b¯b µ¯µ) : B(t¯t µ¯µ) : B(b¯b ν¯µνµ) : B(t¯b µ¯νµ + h.c.) :
B(t¯t ν¯µνµ) = 1 :
1
4
: 1
4
: 1
2
: 1. In this case, we can impose the Fermi-LAT bounds for
b¯b and µ¯µ [55] on 5
12
〈σv〉SS→SLQS∗LQ too. In general, positron, anti-proton and gamma-ray
constraints are equally relevant for leptoquark-portal dark matter.
In Fig. 8, in the parameter space in λ4 vs mS, in addition to the correct relic density
conditions for models with singlet and triplet scalar leptoquarks, respectively, in black
and red solid lines and the direct detection bounds from XENON1T, we superimpose the
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Fermi-LAT constraints from bb¯ and τ τ¯ on the products of DM cascade annihilations into
a leptoquark pair. Here, we assume that each leptoquark decays into a pair of quark and
lepton, according to Table 2 with β ≈ 1 and γ ≈ 1. Then, as explained in the caption
of Fig. 8, the resulting Fermi-LAT bounds are shown to constrain the parameter space as
strong as or stronger than the XENON1T bounds, depending on the value of leptoquark-
portal coupling λ3.
LQs BRs BRs BRs
S1S
∗
1 B(t¯tµ¯µ) =
1
4 B(b¯bν¯µνµ) =
1
4 B(t¯bµ¯νµ + h.c.) =
1
2
φ1φ
∗
1 B(b¯bτ¯ τ) = γ
′2 B(s¯sτ¯ τ) = (1− γ′)2 B(b¯sτ¯ τ + h.c.) = 2γ′(1− γ′)
φ2φ
∗
2 B(|t¯τ¯ + bντ |2) B(|c¯τ¯ + sντ |2) B((t¯τ¯ + bντ )∗(c¯τ¯ + sντ ) + h.c.)
= γ′2 = (1− γ′)2 = 2γ′(1− γ′)
φ3φ
∗
3 B(t¯tν¯τντ ) = γ
′2 B(c¯cν¯τντ ) = (1− γ′)2 B(t¯cν¯τντ + h.c.) = 2γ′(1− γ′)
Table 3: Branching ratios of products of DM annihilations into leptoquarks, for the domi-
nance of the extra couplings, λ32, κ23 and κ33. Here, γ
′ ≡ κ233/(κ223 + κ233).
Next, we consider the case in Table 3 where the extra leptoquark couplings introduced
for accommodating B → K(∗)ν¯ν bounds and/or the (g − 2)µ excess are dominant. In this
case, for a singlet leptoquark, we get the branching ratios of products of DM annihilations
into leptoquarks as B(t¯t µ¯µ) : B(b¯b ν¯µνµ) : B(t¯b µ¯νµ+h.c.) =
1
2
: 1
2
: 1. Then, we can impose
the Fermi-LAT diffuse gamma-ray constraints from b¯b and µ¯µ [55] on 1
4
〈σv〉SS→SLQS∗LQ as
for the case in Table 2. Similarly, for a triplet leptoquark with κ33  κ23 as in the
first benchmark point discussed in the last paragraph in Section 4.1 or γ′ ≈ 1, we get
B(b¯b τ¯ τ) : B(t¯t τ¯ τ) : B(b¯b ν¯τντ ) : B(t¯b τ¯ ντ + h.c.) : B(t¯t ν¯τντ ) = 1 :
1
4
: 1
4
: 1
2
: 1. In this case,
the similar Fermi-LAT bounds for b¯b and τ¯ τ [55] can be also imposed on 5
12
〈σv〉SS→SLQS∗LQ
as for the case in Table 2.
In summary, the leptoquark-portal couplings lead to potentially distinct signatures with
quarks and leptons mixed from the cascade annihilations of dark matter, as compared to
the case with direct annihilations into a quark pair or a lepton pair. Our lepto-quark
portal scenario is different from the Higgs portal scenario with additional SU(2)L singlet
or triplet scalars, because the final states in the cascade DM annihilations contain quarks
and leptons together due to the leptoquark decays in our case. In other words, the region
with mS > mLQ can be constrained by indirect detection experiments too. The more
general cases that the boost effects of leptoquarks cannot be ignored will be discussed in
a future work.
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5.4 Higgs data
The decay rate of the Higgs boson into a pair of dark matter particles is
Γ(h→ SS) = λ
2
4v
2
32pimh
√
1− 4m
2
S
m2h
. (57)
The decay rate of the Higgs boson into a diphoton or a digluon is also modified due to
leptoquarks, as given in eqs. (B.7) and (B.8). Corrections to h → WW,ZZ are small
because they are already present at tree level in the SM, so we can ignore them. Then, the
total Higgs decay width is modified to
Γh ≈ Γh,SM + Γ(h→ SS) (58)
where Γh,SM = 4 MeV in the SM. The bound from invisible Higgs decay, BR(h → SS) <
0.24, leads to the following condition [58],
BR(h→ SS) = Γ(h→ SS)
Γh
< 0.24. (59)
The diphoton signal strength for gluon-fusion production is given by
µγγ = Rgg Rγγ (60)
where
Rgg =
σ(gg → h)
σ(gg → h)SM =
Γ(h→ gg)
Γh · BR(h→ gg)SM , Rγγ =
Γ(h→ γγ)
Γh · BR(h→ γγ)SM . (61)
The other visible decays, h → ij, are similarly modified to µij = RggRij, through the
modified total decay width of Higgs boson, with Rij = BR(h → ij)/BR(h → ij)SM =
Γh,SM/Γh. The measurements of gg → h→ γγ show µγγ = 1.10+0.23−0.22 from the combined fit
of LHC 7 TeV + 8 TeV data [59], and µγγ = 0.81
+0.19
−0.18 and µγγ = 1.10
+0.20
−0.18 from the ATLAS
and CMS 13 TeV data, respectively [60,61].
In our model, as far as |λ5| . 10, the decay rate into a diphoton or a digluon can be
ignored, but the diphoton signal strength is modified by the enhanced total decay width
of Higgs boson due to the invisible decay mode. This result can be read from Fig. 7 in the
purple dot-dashed lines the region above which is excluded by Higgs invisible decay and in
the green region which is excluded by the Higgs diphoton signal strength.
6 Conclusions
We have presented leptoquark models where scalar leptoquarks not only lead to the effective
operators necessary for the B-meson anomalies but also become a portal to scalar dark
22
matter through quartic couplings. We showed that the annihilations of dark matter into a
leptoquark pair allow for a wide parameter space that is consistent with both the correct
relic density and the XENON1T bound. These new annihilation channels lead to four-
body final states in cascade with quarks and leptons mixed, due to the leptoquark decays.
Therefore, there is an interesting interplay between the cascade annihilations of dark matter
and the leptoquark search channels at the LHC, which can be tested in the current and
future experiments.
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Appendix A: Effective Hamiltonians for B-meson de-
cays.
From eq. (11), we obtain the relevant Yukawa couplings for the singlet scalar leptoquark
S1 in components,
LS1 = −λ3j
(
(tC)R S1ljL − (bC)R S1νjL
)
+ h.c.
−λ2j
(
(cC)R S1ljL − (sC)R S1νjL
)
+ h.c.+ · · · . (A.1)
Then, after integrating out the leptoquark S1, we obtain the effective Hamiltonian relevant
for b→ cτ ν¯τ as
HS1b→cτ ν¯τ = −
λ∗33λ23
m2S1
((cC)RτL)(ν¯τL(b
C)R) + h.c.
= −λ
∗
33λ23
2m2S1
((cC)Rγ
µ(bC)R)(ν¯τLγµτL) + h.c.
= −λ
∗
33λ23
2m2S1
(b¯Lγ
µcL)(ν¯τLγµτL) + h.c.. (A.2)
where use is made of Fierz identity in the second line.
In particular, in MSSM, down-type squarks (b˜∗Rk) [62] belong to singlet scalar lepto-
quarks. We introduce the R-parity violating (RPV) superpotential as follows,
W ⊃ λ′ijkLiQjDck, (A.3)
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resulting in the component field Lagrangian for doublet scalar leptoquarks S2 ≡ u˜Lk with
Y = +1
6
or singlet scalar leptoquarks S1 = b˜
∗
Rk with Y = +
1
3
as
LRPV = −λ′ijkLiQ˜jdck + h.c.+ · · · . (A.4)
Picking up the necessary terms for RK(∗) and RD(∗) anomalies, we get, in terms of two
component spinors,
LRPV = −λ′jk3ljLu˜Lkbc − λ′jk2ljLu˜Lksc
−λ′j3kνjLbLb˜∗Rk − λ′j2kljLcLb˜∗Rk + h.c.+ · · · . (A.5)
Then, after integrating out the up-type squarks, u˜Lk, and down-type squarks, b˜
∗
Rk, we
obtain the effective Hamiltonian for the semi-leptonic B-decays in terms of four-component
spinors, as follows,
HRPVeff = −
λ′2k3λ
′∗
2k2
m2u˜Lk
(b¯RµL)(µ¯LsR)− λ
′
32kλ
′∗
33k
m2
d˜Rk
((cC)RτL)(ν¯τL(b
C)R) + h.c.
= −λ
′
2k3λ
′∗
2k2
2m2u˜Lk
(b¯Rγ
µsR)(µ¯LγµµL)− λ
′
32kλ
′∗
33k
2m2
d˜Rk
(b¯Lγ
µcL)(ν¯τLγµτL) + h.c.. (A.6)
Therefore, the effective Hamiltonian for the b-to-s transition is of the (V +A) form, which
was originally proposed to explain RK anomalies [63, 64] but is not consistent with RK∗
anomalies as it favors (V −A) form. On the other hand, the effective Hamiltonian for the
b-to-c transition is consistent with the RD(∗) anomalies [30,65].
From eq. (12), we obtain the relevant Yukawa couplings for the triplet leptoquark S3
in components,
LS3 = −κ3j
(√
2 (tC)R φ3νjL − (tC)R φ2ljL − (bC)R φ2νjL −
√
2 (bC)R φ1ljL
)
+ h.c.
−κ2j
(√
2 (cC)R φ3νjL − (cC)R φ2ljL − (sC)R φ2νjL −
√
2 (sC)R φ1ljL
)
+ h.c.+ · · · .(A.7)
Then, after integrating out the leptoquark φ1 with Q = +
4
3
, we obtain the effective Hamil-
tonian relevant for b→ sµ+µ− as
HS3b→sµ+µ− = −
2κ∗32κ22
m2φ1
((sC)RµL)(µ¯L(b
C)R) + h.c.
= −κ
∗
32κ22
m2φ1
((sC)Rγ
µ(bC)R)(µ¯LγµµL) + h.c.
= −κ
∗
32κ22
m2φ1
(b¯Lγ
µsL)(µ¯LγµµL) + h.c.. (A.8)
Here, we note that use is made of the Fierz identity in the second line and (sC)Rγ
µ(bC)R =
b†Lσ¯
µsL = b¯Lγ
µsL is used in the third line.
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The Yukawa couplings for the singlet scalar leptoquark also lead to effective Hamilto-
nian for b→ sνiν¯j as follows,
HS1b→sνiν¯j =
λ∗3iλ2j
m2S1
((sc)RνjL)(ν¯iL(b
c)R) + h.c.
=
λ∗3iλ2j
2m2S1
((sc)Rγ
µ(bc)R)(ν¯iLγµνjL) + h.c.
=
λ∗3iλ2j
2m2S1
(b¯Lγ
µsL)(ν¯iLγµνjL) + h.c.. (A.9)
A similar effective interactions can be obtained for the triplet scalar leptoquark, as dis-
cussed in the text.
Appendix B: Effective interactions for dark matter and
Higgs boson due to leptoquark loops.
For heavy leptoquarks, we the effective interactions between scalar dark matter and
SM gauge bosons, induced by leptoquarks, as follows,
LS,eff = D3 S2GµνGµν +D2 S2WµνW µν +D1 S2 FY µνF Y µν (B.1)
where
D3 =
αSλ3
32pim2LQ
NLQl3(SLQ)A0(y), (B.2)
D2 =
αλ3
32pim2LQ
Ncl2(SLQ)A0(y), (B.3)
D1 =
αY λ3
32pim2LQ
NcNLQY
2
LQA0(y) (B.4)
with
A0(y) = −y−2[y − f(y)], (B.5)
f(y) =
 arcsin
2√y, y ≤ 1,
−1
4
[
ln
1+
√
1−y−1
1−
√
1−y−1
− ipi
]
, y > 1,
(B.6)
and y ≡ m2S/m2LQ. Here, l2,3(SLQ) are the Dynkin indices of SLQ under SU(2)L and SU(3)c,
respectively, i.e. l3(S1,3) =
1
2
, l2(S1) = 0, and l2(S3) = 2, and NLQ = 1, 3 for SLQ = S1, S3,
respectively.
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Moreover, leptoquark couplings to the SM Higgs can modify the decay rates of Higgs
boson into a diphoton or a digluon, as follows,
Γ(h→ γγ) = GFα
2
emm
3
h
128
√
2pi3
∣∣∣∣∑
f
NcQ
2
fA1/2(xf ) + A1(xW )
+Nc gLQ
∑
i=1,···,NLQ
Q2LQA0(xLQ)
∣∣∣∣2, (B.7)
Γ(h→ gg) = GFα
2
sm
3
h
36
√
2pi3
∣∣∣∣∣34 ∑
f
A1/2(xf ) +
3
4
NLQ gLQA0(xLQ)
∣∣∣∣∣
2
(B.8)
where gLQ ≡ λ5v2/(2m2LQ), xi = m2h/(4m2i ) and the loop functions are
A1/2(x) = 2x
−2[x+ (x− 1)f(x)], (B.9)
A1(x) = −x−2[2x2 + 3x+ 3(2x− 1)f(x)]. (B.10)
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